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Introduction {#febs15369-sec-0001}
============

At the time of writing this piece, the pandemic of the atypical pneumonia coronavirus disease 2019 (COVID‐19) caused by a novel coronavirus severe acute respiratory syndrome (SARS)‐coronavirus 2 (CoV‐2) has spread globally, with more than 4 million cases and close to 300 000 deaths (<https://www.worldometers.info/coronavirus/>). This current epidemiological, economical and potentially political disaster in the making follows in the wake of earlier outbreaks of respiratory infections SARS and Middle East respiratory syndrome (MERS), also caused by coronaviruses \[[1](#febs15369-bib-0001){ref-type="ref"}\]. There is currently no known cure for COVID‐19, and available medical treatment is largely limited to alleviation of the respiratory dysfunction associated with the severe course of the disease.

As a result of this, an enormous effort across biomedical sciences is mounting to develop therapeutic means of treating COVID‐19. One key area of this development is vaccination. As of May 11, there were five candidate vaccines in clinical evaluation, with as many as 71 in preclinical stage \[[2](#febs15369-bib-0002){ref-type="ref"}\]. Yet necessities of the research and development process dictate that none of the above -- in the best possible scenario -- will be clinically available earlier than in 18 months' time \[[3](#febs15369-bib-0003){ref-type="ref"}\]. Given the unprecedented scale of the current outbreak, there is immense pressure to find faster and cheaper therapeutic solutions to this rapidly worsening global health crisis.

There is a broad agreement that perhaps the best way to produce an affordable treatment on a faster timescale is to repurpose existing drugs, and much interest is directed this way, especially focusing on drugs with previously demonstrated antiviral capabilities \[[4](#febs15369-bib-0004){ref-type="ref"}\]. However, lack of the basic understanding of the cell biology of SARS‐CoV‐2 infection limits the efficacy of such an approach. Although recent years have yielded some insight into the cell biology of the related human virus SARS‐CoV, and the two viruses may bind to the same surface receptor protein angiotensin‐converting enzyme 2 (ACE2) \[[5](#febs15369-bib-0005){ref-type="ref"}, [6](#febs15369-bib-0006){ref-type="ref"}, [7](#febs15369-bib-0007){ref-type="ref"}, [8](#febs15369-bib-0008){ref-type="ref"}\], their genomes still differ by 20% \[[8](#febs15369-bib-0008){ref-type="ref"}\], and the associated epidemiological picture is very different indeed. Furthermore, the extent of ACE2 protein expression in the airways is subject to some controversy \[[9](#febs15369-bib-0009){ref-type="ref"}, [10](#febs15369-bib-0010){ref-type="ref"}, [11](#febs15369-bib-0011){ref-type="ref"}, [12](#febs15369-bib-0012){ref-type="ref"}, [13](#febs15369-bib-0013){ref-type="ref"}\], while preliminary evidence hints that other surface receptors may be involved in SARS‐CoV‐2 infection \[[14](#febs15369-bib-0014){ref-type="ref"}\]. The resulting gap in knowledge forms a major obstacle on the road towards effective drug repurposing for treating COVID‐19.

The many unknowns of SARS‐CoV‐2 cell entry {#febs15369-sec-0002}
==========================================

The critical step in any viral infection involves penetration of the viral particles into the cytosol; to this end, most viruses take advantage of the endocytic membrane trafficking of the host cell \[[15](#febs15369-bib-0015){ref-type="ref"}\]. While the canonical endocytic pathways in mammalian cells involve budding of clathrin‐coated vesicles through the action of a large GTPase dynamin, there are also multiple pathways of noncanonical endocytosis such as caveolae, flotillin‐1‐associated endocytosis, Clathrin‐independent carrier/glycosylphosphatidylinositol‐anchored protein‐enriched endosomal compartment endocytosis and macropinocytosis \[[16](#febs15369-bib-0016){ref-type="ref"}\], and viruses have been shown to use all of these \[[15](#febs15369-bib-0015){ref-type="ref"}\] (Fig. [1](#febs15369-fig-0001){ref-type="fig"}). Mechanistic details of these pathways may vary considerably between cell types, and diversity of endocytosis in airway epithelium is currently poorly understood. Understanding endocytic viral entry in the respiratory tract may therefore offer a promising therapeutic strategy to treat viral infections.

![A simplified representation of endocytic pathways potentially involved in internalisation of SARS‐CoV‐2. Selected endocytic pathways are enclosed in grey boxes. Selected key structural and regulatory proteins are shown graphically or mentioned by name. Thick arrows represent the directional flow of membrane trafficking pathways. A thin black arrow represents viral trajectory following the completion of its putative endocytic itinerary. Red lines with squares at their ends indicate putative pharmacological blockade of processes. Black line with a square at its end indicates the suggested effect of chloroquine and hydroxychloroquine on viral fusion in the endosome. The names of the candidate drug blockers are italicised.](FEBS-9999-na-g001){#febs15369-fig-0001}

As far as coronaviruses are concerned, current evidence suggests that the mode of entry can vary between viruses and host cell types, and can include clathrin‐dependent endocytosis \[[17](#febs15369-bib-0017){ref-type="ref"}\], caveolae \[[18](#febs15369-bib-0018){ref-type="ref"}\], and clathrin‐ and caveolae‐independent mechanism involving lipid rafts \[[19](#febs15369-bib-0019){ref-type="ref"}, [20](#febs15369-bib-0020){ref-type="ref"}\]. Fusion at the cell surface, while proposed as a potential entry mechanism \[[5](#febs15369-bib-0005){ref-type="ref"}\], was not directly demonstrated. Both SARS‐CoV and SARS‐CoV‐2 appear to require endocytosis in cultured cell lines \[[6](#febs15369-bib-0006){ref-type="ref"}, [19](#febs15369-bib-0019){ref-type="ref"}, [20](#febs15369-bib-0020){ref-type="ref"}, [21](#febs15369-bib-0021){ref-type="ref"}\], and SARS‐CoV may be endocytosed via more than one pathway depending on the cell line \[[19](#febs15369-bib-0019){ref-type="ref"}, [21](#febs15369-bib-0021){ref-type="ref"}\]. However, there is little knowledge regarding the details of the epidemiologically relevant mode of viral entry, that is in the human lung. It is therefore imperative to consider SARS‐CoV‐2 endocytic trafficking in context of the correct host cell type.

Preliminary evidence suggests that infection with SARS‐CoV‐2 may begin in the upper respiratory tract, for example in the nasal epithelium, which expresses the highest levels of SARS‐CoV‐2 receptors \[[10](#febs15369-bib-0010){ref-type="ref"}\]. The most significant morbidity and indeed mortality, however, appear to be associated with a further, severe stage of the disease, when infection spreads to the lower airways of the lung, resulting in respiratory failure and possibly multiorgan failure due to cytokine storm \[[22](#febs15369-bib-0022){ref-type="ref"}\]. Although the histopathology data are still scant, two case studies and preliminary findings from a primate disease model indicate that the lower airway SARS‐CoV‐2 infection may specifically affect the alveolar epithelial cells termed pneumocytes \[[23](#febs15369-bib-0023){ref-type="ref"}, [24](#febs15369-bib-0024){ref-type="ref"}, [25](#febs15369-bib-0025){ref-type="ref"}\]. Clearly, blockade of the SARS‐CoV‐2 entry at either of these stages is likely to yield considerable therapeutic benefits.

Endocytic pathways in respiratory epithelial cells {#febs15369-sec-0003}
==================================================

To establish which endocytic pathways are likely to operate in nasal epithelial cells and pneumocytes, some clues can be gleaned from the local expression profile for the key endocytic proteins as evidenced by the Human Protein Atlas (<https://www.proteinatlas.org/>). Nasal epithelial cells abundantly express a wide variety of endocytic markers, suggesting the presence of multiple active pathways, in agreement with ultrastructural evidence \[[26](#febs15369-bib-0026){ref-type="ref"}\]. Conversely, pneumocytes show a more restricted expression pattern, with some key proteins associated with conventional endocytosis either low or missing. Importantly, a large GTPase, dynamin, which is required for endocytosis through clathrin‐coated vesicles and caveolae, is abundant in nasal epithelium but undetectable in pneumocytes. In contrast, there are medium‐to‐high expression levels of proteins involved in macropinocytosis, such as C‐terminal binding protein (CtBP)1 & 2 and P21‐activated kinase 1. Therefore, macropinocytosis may be an important endocytic pathway in pneumocytes.

The potentially distinct endocytic profile of upper and lower airways is reflected in the relevant infection mechanisms for known pathogens. Upper respiratory epithelium can be infected by numerous airborne pathogens through multiple pathways of dynamin‐dependent and dynamin‐independent endocytosis \[[15](#febs15369-bib-0015){ref-type="ref"}\]. Conversely, pneumocyte infection is much less well understood; however, entry through macropinocytosis has been consistently demonstrated for airborne bacterial and viral pathogens such as *Mycobacterium tuberculosis* \[[27](#febs15369-bib-0027){ref-type="ref"}\], *Francisella tularensis* \[[28](#febs15369-bib-0028){ref-type="ref"}\], influenza A virus \[[29](#febs15369-bib-0029){ref-type="ref"}\], adenovirus adenovirus serotype 35 \[[30](#febs15369-bib-0030){ref-type="ref"}\] and *Haemophilus influenzae* \[[31](#febs15369-bib-0031){ref-type="ref"}\], as well as for various nanoparticles \[[32](#febs15369-bib-0032){ref-type="ref"}, [33](#febs15369-bib-0033){ref-type="ref"}\]. Intriguingly, macropinocytosis in an alveolar epithelial cell line is upregulated by water‐pipe smoke condensate, suggesting a possible mechanism underlying association of COVID‐19 morbidity with smoking \[[34](#febs15369-bib-0034){ref-type="ref"}\].

Taken together, the above evidence suggests that SARS‐CoV‐2 may employ distinct endocytic pathways for cell entry in the upper and lower respiratory tract (Fig. [1](#febs15369-fig-0001){ref-type="fig"}). What are these pathways? To address this question directly, we need to investigate the cell biology of SARS‐CoV‐2 endocytosis in detail.

Potential experimental model for investigating the key events of SARS‐CoV‐2 cell entry *in vitro* {#febs15369-sec-0004}
=================================================================================================

A suitable starting model for initial investigation of SARS‐CoV‐2 endocytosis can involve established immortalised cell lines derived from the respiratory tract epithelium ([https://www.atcc.org/\~/media/PDFs/Cancer%20and%20Normal%20cell%20lines%20tables/Lung%20cancer%20and%20normal%20cell%20lines.ashx](https://www.atcc.org/%7E/media/PDFs/Cancer%20and%20Normal%20cell%20lines%20tables/Lung%20cancer%20and%20normal%20cell%20lines.ashx)). These lines provide several key methodological advantages: they are well‐characterised, easy to maintain using standard cell culture protocols and retain the key characteristics of the primary cell type of origin. For emulation of the respiratory tract environment, the cell lines can be grown in an air--liquid interface culture as described before \[[35](#febs15369-bib-0035){ref-type="ref"}, [36](#febs15369-bib-0036){ref-type="ref"}\].

Immortalised cell cultures offer a simple and cost‐effective platform for investigation of cell biology. There are, however, important caveats associated with immortalised cell cultures *in vitro*, which need addressing and further validation. One key consideration is expression profile, in which a cell line may be different from that in the original tissue. This can be especially relevant with regard to membrane trafficking, where discrepancy in expression of certain key proteins may affect the organisation of the whole network: for example, the lung cell line A549 can express multiple isoforms of dynamin \[[37](#febs15369-bib-0037){ref-type="ref"}\], which is not the case in pneumocytes in human lung tissue.

As a result of this, any findings arising from the cell lines will need to be investigated further in a more expensive, but clinically relevant system of primary cells. Cell preparations for both lower and upper respiratory tract are commercially available \[[38](#febs15369-bib-0038){ref-type="ref"}, [39](#febs15369-bib-0039){ref-type="ref"}\]. Preliminary evidence shows that such systems can be efficiently infected with SARS‐CoV‐2 \[[40](#febs15369-bib-0040){ref-type="ref"}\]. Alternatively, cells can be directly obtained from human subjects, for example nasal epithelium, or alveolar epithelial cells can be isolated from surgically resected lung tissue material \[[41](#febs15369-bib-0041){ref-type="ref"}\]. Regardless of that, validation of findings in primary cells will be a key step in investigation.

Experimental interrogation of SARS‐CoV‐2 membrane trafficking {#febs15369-sec-0005}
=============================================================

Investigation of membrane trafficking of SARS‐CoV‐2 requires a probe that can adequately recapitulate the intracellular itinerary of the virus. Using active, clinically isolated live virus samples would of course allow a closest approximation. However, a major drawback of this approach is a highly infectious nature of the virus, necessitating the use of a Biosafety Level 3 Laboratory. An alternative approach would involve pseudoviruses, combining viral surface proteins responsible for cell receptor binding. The lack of SARS‐CoV‐2 genetic material renders them incapable of replication, allowing work in a Biosafety Level 2 Laboratory. Pseudoviruses have been successfully used before to investigate trafficking of SARS‐CoV and MERS‐CoV \[[5](#febs15369-bib-0005){ref-type="ref"}, [19](#febs15369-bib-0019){ref-type="ref"}\], and SARS‐CoV‐2 pseudovirus models have been recently published \[[6](#febs15369-bib-0006){ref-type="ref"}, [7](#febs15369-bib-0007){ref-type="ref"}\].

For infection, the viral probe will be added to the cells for different lengths of time. In order to determine the endocytic pathway(s) involved in SARS‐CoV‐2 endocytosis, one can employ standard methods of multicolour fluorescence immunocytochemistry, light microscopy and colocalisation analysis. The proportion of the internalised virus colocalising with the classical markers of membrane trafficking compartments will indicate the intracellular itinerary of the virus \[[42](#febs15369-bib-0042){ref-type="ref"}\]. For this approach, multiple well‐characterised antibody markers for intracellular compartments, for example early endosomes, late endosomes and lysosomes are available.

For a more detailed investigation of the endocytic route of the virus, viral infection can be combined with uptake of typical cargoes for different endocytic pathways. This approach would allow tracking of the virus in relation to other endocytic pathways and also to investigate the effect of viral infection on the general membrane trafficking network of the host cell. Suitable cargo molecules include transferrin for clathrin‐dependent endocytosis \[[43](#febs15369-bib-0043){ref-type="ref"}\], cholera toxin B subunit for caveolae \[[44](#febs15369-bib-0044){ref-type="ref"}\], and dextran for fluid‐phase macropinocytosis and flotillin‐dependent endocytosis \[[45](#febs15369-bib-0045){ref-type="ref"}\].

What is the relative contribution of different endocytic pathways to SARS‐CoV‐2 infection? To address this question, loss‐of‐function analysis can be performed, involving knockdown of the key regulatory proteins for different endocytic pathways, for example dynamin 2, caveolin‐1, flotillin‐1 and CtBP \[[16](#febs15369-bib-0016){ref-type="ref"}, [44](#febs15369-bib-0044){ref-type="ref"}\] (Fig. [1](#febs15369-fig-0001){ref-type="fig"}). The resulting findings can be further corroborated using available pharmacological blockers of endocytic pathways, including dynasore and pitstop for clathrin‐dependent endocytosis, nystatin for caveolae, methyl‐beta‐cyclodextrin for dynamin‐independent endocytosis and amiloride for macropinocytosis. However, care must be exercised in interpretation of these results due to the off‐target effects of these agents, in which endocytic pathways other than the target pathway may be inhibited \[[46](#febs15369-bib-0046){ref-type="ref"}, [47](#febs15369-bib-0047){ref-type="ref"}, [48](#febs15369-bib-0048){ref-type="ref"}\]. Taken together, the combination of adequate cell models with the newly developed SARS‐CoV‐2 toolkit and established tools of membrane trafficking research is well‐poised to deliver a key insight into the mechanisms underlying COVID‐19 infection.

Repurposing previously approved drugs for blocking SARS‐CoV‐2 endocytosis {#febs15369-sec-0006}
=========================================================================

Two broad approaches to developing drugs against SARS‐CoV‐2 involve targeting the biology of the host versus targeting the biology of the virus. One clear drawback associated with global perturbation of a general cell biological function is the potential for unwelcome side effects, whether in the same target tissue or elsewhere in the body. Conversely, a key advantage of focusing on the cell biological mechanism is the relatively immutability of the host cell compared to virus, which may evolve drug resistance due to its high mutation rate \[[49](#febs15369-bib-0049){ref-type="ref"}, [50](#febs15369-bib-0050){ref-type="ref"}\]. Furthermore, considering that various viruses may use the same endocytic pathways of the host cell \[[15](#febs15369-bib-0015){ref-type="ref"}\], targeting viral entry at the point of endocytosis holds a more general promise for the development of broad‐spectrum antiviral drugs \[[51](#febs15369-bib-0051){ref-type="ref"}\].

Once the endocytic route of SARS‐CoV‐2 in primary lung epithelial cells has been established, this insight can be capitalised upon for translational needs. Specifically, a cell‐based model of SARS‐CoV‐2 infection \[[40](#febs15369-bib-0040){ref-type="ref"}\] will lend itself to establishment of a screening platform for drug development, aiming to identify compounds capable of blocking or hindering SARS‐CoV‐2 endocytic entry. There is already vivid interest in chloroquine and hydroxychloroquine, two related drugs that may block viral entry through endosomal acidification (Fig. [1](#febs15369-fig-0001){ref-type="fig"}), although evidence for their effectiveness is currently scant and safety hazards are a major concern \[[4](#febs15369-bib-0004){ref-type="ref"}, [52](#febs15369-bib-0052){ref-type="ref"}, [53](#febs15369-bib-0053){ref-type="ref"}\]. Of note, compounds showing even partial blockade of SARS‐CoV‐2 endocytosis may be of value, as clinical evidence suggests that viral load may correlate with the severity of the disease progression.

Large‐scale screening of this sort will require considerable time and effort; in the meantime, a short‐term screening of a limited number of candidate drugs is highly warranted. To this end, the range of candidates can be limited to the following 11 approved drugs (Table [1](#febs15369-tbl-0001){ref-type="table"}, Fig. [1](#febs15369-fig-0001){ref-type="fig"}). Although most of these drugs are not currently prescribed against infection, they have shown ability to block various pathways of endocytosis in cell culture and may therefore have potential for blocking SARS‐CoV‐2 endocytosis. Another addition to this list is a cholesterol chelating agent methyl‐beta‐cyclodextrin, used as a carrier to enhance bioavailability in drug formulations and generally recognised as safe by the Food and Drug Administration (USA).

###### 

Previously approved drugs to be tested for blockade of SARS‐CoV‐2 endocytosis in respiratory epithelium.

  Name                       Primary indication                 Potential direct delivery into the respiratory tract                                                                Endocytic pathway affected
  -------------------------- ---------------------------------- ------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------
  Chlorpromazine             Antipsychotic                                                                                                                                          Clathrin, other \[[48](#febs15369-bib-0048){ref-type="ref"}\]
  Fluvoxamine                Antidepressant                                                                                                                                         Dynamin \[[55](#febs15369-bib-0055){ref-type="ref"}\]
  Sertraline                 Antidepressant                                                                                                                                         Dynamin \[[56](#febs15369-bib-0056){ref-type="ref"}\]
  Promethazine               Antihistamine                      Aerosol \[[57](#febs15369-bib-0057){ref-type="ref"}\]                                                               Clathrin \[[58](#febs15369-bib-0058){ref-type="ref"}\]
  Nystatin                   Antifungal                         Aerosol \[[59](#febs15369-bib-0059){ref-type="ref"}\]                                                               Caveolae \[[48](#febs15369-bib-0048){ref-type="ref"}\]
  Amiloride                  Diuretic                           Inhalation \[[60](#febs15369-bib-0060){ref-type="ref"}\]                                                            Macropinocytosis
  Vinblastine                Microtubule formation inhibitor                                                                                                                        Macropinocytosis \[[61](#febs15369-bib-0061){ref-type="ref"}\], Clathrin \[[62](#febs15369-bib-0062){ref-type="ref"}\]
  Itraconazole               Antifungal                         Inhaled powder (Phase 2) \[[63](#febs15369-bib-0063){ref-type="ref"}, [64](#febs15369-bib-0064){ref-type="ref"}\]   Macropinocytosis \[[61](#febs15369-bib-0061){ref-type="ref"}\]
  Flubendazole               Antihelminthic                                                                                                                                         Macropinocytosis \[[61](#febs15369-bib-0061){ref-type="ref"}\]
  Terfenadine                Histamine H1 receptor antagonist                                                                                                                       Macropinocytosis \[[61](#febs15369-bib-0061){ref-type="ref"}\]
  Imipramine                 Antidepressant                                                                                                                                         Macropinocytosis \[[61](#febs15369-bib-0061){ref-type="ref"}\]
  Beta‐methyl cyclodextrin   Bioavailability enhancer           Intranasal \[[65](#febs15369-bib-0065){ref-type="ref"}\]                                                            Multiple
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Importantly, 5 out of 11 drugs (chlorpromazine, nystatin, amiloride, vinblastine and itraconazole) are on the World Health Organization's List of Essential Medicines, ensuring their wide availability across the world. Also, several of the above have been tested (or are being tested) for topical delivery into the respiratory tract (Table [1](#febs15369-tbl-0001){ref-type="table"}). These factors will be favourable for the rapid integration of the successful drugs into global clinical practice, subject to development of relevant clinical and epidemiological applications.

Conclusion {#febs15369-sec-0007}
==========

Despite frenzied efforts to find effective treatments for COVID‐19, very little is currently known about the fundamental cell biology of the SARS‐CoV‐2 infection. The pivotal event underpinning SARS‐CoV‐2 infection is likely endocytosis of viral particles; therefore, blockade of this process may provide for a major therapeutic breakthrough. The tools of membrane trafficking research can be readily applied to rapidly characterise the endocytic route of virus entry in a cell‐based model of disease, providing a key insight into the disease mechanism (Fig. [1](#febs15369-fig-0001){ref-type="fig"}). Crucially, the same model can be used as a screening platform for rapid repurposing of existing approved drugs as blockers of SARS‐CoV‐2 endocytic entry (Table [1](#febs15369-tbl-0001){ref-type="table"}). In the longer term, insight into the poorly understood membrane trafficking mechanisms of the airway epithelium will aid development of novel drugs.

The generalised strategy of targeting the membrane trafficking of the host cell biology to prevent viral infection holds great promise for future therapeutic applications, considering the existence of other zoonotic coronaviruses capable of binding to human cells \[[54](#febs15369-bib-0054){ref-type="ref"}\]. More broadly, rapid repurposing of approved drugs in cell‐based screening platforms is poised to play an instrumental role in future‐proofing global health care against the interspecies transmission events. In the age of unparalleled spending on pharmaceutical research and development, humankind cannot afford to neglect one of its most valuable allies in the fight against the current and the future pandemics -- the basic foundations of human cell biology.
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